The need to consider CaCl + and MgCl + complexes in Ca-Mg exchange reactions on montmorillonite was evaluated by examining cation selectivity in various anion backgrounds. The Ca-Mg exchange isotherms on SVVy-1 Wyoming bentonite were determined in 0.0125 M SO 4 , 0.025, 0.050, and 0.100 M Cl and 0.03 M perchlorate background. Calculated selectivity values for the reaction Ca 2+ + MgX^ Mg 2+ + CaA" were K v = 1.15, 1.11 and 1.10 for the SO,,, Cl and perchlorate media, respectively. There was no trend in K, with exchangeable Ca with any anion or with ionic strength in Cl media. The Ca preference in SO 4 and perchlorate media indicates that montmorillonite preference for Ca is not an artifact of complexation in Cl media. These A", values are also consistent with earlier published Ca-Mg selectivity of the same clay in perchlorate media. The CaCI and MgCl complexes comprised an insignificant amount of the exchangeable cations. P REDICTION of the effect of irrigation water on soil solution composition is dependent on the cation exchange process and thus the selectivity that a soil complex has for a particular ion. The exchange reactions involving Na-Ca-Mg have been studied extensively in bulk soils and soil clays as well as in relatively pure specimen clays. From all these investigations it is apparent that the exchange reactions characterized for specimen clays cannot yet be used to predict exchange behavior in soil clays. Solution chemistry models thus require that soil cation-exchange constants be measured for the individual soils and under the chemical conditions to be simulated. The site specificity of exchange constants is one of the obstacles to generalization of predictive soil water models.
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Poor prediction of cation exchange constants in soils is due to several factors. Clays may not behave as simple mixtures, as evidenced by the inability to predict exchange constants of a mixture from those of the pure clays (Krishnamoorthy and Overstreet, 1950) . Organic matter and oxides also have exchange capacities and their exchange constants are usually much different from those of clays. Samples of the same clay mineral from different locations also have different exchange constant values, due in part, to variation in structural composition
The possibility that ion pairs are important species on the exchange complex has been discussed by several researchers (Bower and Truog, 1940; Babcock et al., 1959) . Recently, Sposito et al. (1983a,b) , concluded that CaCl + and MgCl + are important in montmorillonite exchange in Cl media. They noted that almost all exchange experiments with specimen clays D. L. Suarez and M. F. Zahow, U.S. Salinity Lab., USDA-ARS, 4500 Glenwood Dr., Riverside, CA 92501. M. F. Zahow is from Soil Salinity and Alkalinity Laboratory, Baccos, Alexandria, Egypt. We gratefully acknowledge funding provided M. F. Zahow by the Cooperative Arid-Lands Agric. Res. Program supported by U.S.-AID. Contract NEB-0170-AOO-0047-00. Received 4 Jan. 1988. "Corresponding author. Published in Soil Sci. Soc. Am. J. 53:52-57 (1989). have been conducted in Cl background solutions. Sposito et al. (1983a) , estimated that for Na-Ca exchange in their Cl media experiments, up to half of the exchangeable Ca was in the form CaCl + and that for Na-Mg exchange up to about 30% of the exchangeable Mg was in the form MgCl + . If these ion pairs are adsorbed, then Ca-Mg exchange in a Cl background is actually a quarternary system (or even a quinternary system if H + competition is considered). Sposito et al. (1983b) , further hypothesized that the reported preference of montmorillonite for Ca over Mg was due to the use of Cl. The increase in adsorbed charge with increasing exchangeable Ca or Mg (when the counter ion was Cl), was considered an artifact of attributing all adsorbed Ca to the species Ca 2+ . This hypothesis was supported by the equal preference of montmorillonite for Ca and Mg in the presence of a perchlorate (C1O 4 ) background (which is assumed not to form complexes), reported by Sposito et al. (1983b) .
The present study was initiated to examine Mg-Ca exchange in SO 4 and C1O 4 (perchlorate) media and Mg-Ca exchange in Cl media under different ionic strengths. Our objective was to evaluate the importance of Ca and Mg chloride complexes in Ca and Mg exchange reactions and the applicability of selectivity values determined with one anion to other anion systems. If the preference for Ca over Mg in the Cl system is due to the preference of CaCl + over MgCl + then Ca and Mg should have equal preference in the SO 4 and C1O 4 media. Additionally, Ca preference in Cl media should increase with increasing ionic strength as the percent Ca complexed and the activity ratio CaCl + / Ca 2+ increases. These predictions have important implications for saline soils and especially for the reclamation of sodic soils by using Ca salts.
MATERIALS AND METHODS
The Na-montmorillonite, SWy-1, (Crook County, WY) was obtained from the Clay Mineral Society Source Clay Repository. This SWy-1 bentonite was also used by Sposito et al. (1983a,b) in their studies of Ca-Mg, Na-Ca and NaMg exchange. In 0.25 L tared bottles, 32.0 g of clay were reacted with 0.200 L of 1 MNaCl. The bottles were shaken for 15 min then centrifuged for 10 min at 3400 X g and 25 °C. The supernatant was decanted and the procedure repeated. Each bottle was subsequently reacted with 0.05 M NaCl and treated in a similar manner. The clay was next mixed with 20 L of 0.02 MNaCl and left standing for 16 h. The <2-jtm size fraction was decanted, centrifuged and dried for 36 h at 60 °C.
A subsample of the prepared clay was Mg saturated and equilibrated with glycerol at 30% humidity. A prepared oriented slide gave x-ray diffraction basal reflections in agreement with published data for Wyoming montmorillonite (Brown, 1972) . We detected no other minerals except a trace of quartz in our prepared SWy-1 clay. Montmorillonite standards were spiked with 0 to 10% vermiculite by weight, Mg saturated and equilibrated with glycerol at 30% humidity. Based on the estimated detection limit of 0.5% we consider that SWy-1 contains < 0.5% vermiculite.
Mixed Ca-Mg solutions (0.0300 L) were added to Oak Ridge centrifuge tubes containing 0.300 g of prepared clay. The clays were reacted at various Ca-Mg ratios, first with 1.0 M solutions. Suspensions were placed on a shaker for 2 h, centrifuged at 16 300 X g for 20 min at 25 °C and the supernatant discarded. This process was repeated. The clays were next reacted with solutions with the same Ca-Mg ratios at 0.025 moles c L~' (either Q or SO 4 ). Suspensions were placed on a shaker for 2 h, centrifuged at 16 300 X g for 20 min at 25 °C and the supernatant discarded. After two more rinses with solutions of the same composition, the third equilibration was 16 h at 23 °C. The suspensions were centrifuged and the supernatants collected for determination of Ca, Mg and Cl or SO 4 . The bottles were reweighed to determine the amount of clay and solution remaining. Next the samples were extracted three times with 1.0 M ammonium acetate. The supernatants of each sample were composited after centrifugation and made up to fixed volume for analysis of Ca, Mg, and Cl or SO 4 . The pH values were all between 6.0 and 6.6. Three replicate clay samples were reacted for each solution composition. The Ca and Mg were analyzed by inductively coupled plasma using standards prepared in the background acetate, Cl, SO 4 or C1O 4 media. The exchangeable cations were determined by subtracting the excess cations present in the residual carryover solution from the total extracted cations. This correction was based on the quantity of Cl or SO 4 found in the acetate extract. Similar experiments to those described above were conducted with 0.0500 and 0.100 M Ca-Mg Cl solutions and with 0.03 M C1O 4 solutions. Table 1 lists the exchangeable quantities and Ca and Mg solution concentrations for the reactions in SO 4 media. The total adsorbed metal charge is given as [1] where q, equals the surface excess (in moles of charge per kilogram of clay) of a metal cation species. In SO 4 media Q was 0.835 mol c kg" 1 with a standard deviation of 0.022 and a SE of 0.0065. The mean value of Q for the reactions in Cl media, listed in Table 2 , was 0.828 with a standard deviation of 0.021 and a SE of 0.0063. There was no statistically significant difference between the apparent adsorbed metal charge in the Cl as compared to the SO 4 solutions (at the 5% or even 50% confidence level). The Ca-Mg SO 4 solutions did not contain charged ion pairs and thus the apparent and actual adsorbed metal charge should be equal. If Cl ion pairs were important for exchange, Q would be Table 2 showed no significant trend (at the 5% level) of increasing Q with increasing exchangeable Ca. As expected, there was also no trend of increasing Q with increasing exchangeable Ca in the SO 4 solutions. The data shown in Table 3 for higher ionic strength do, however, show a trend of increasing Q with increasing exchangeable Ca. The trend in the 0.050 M Cl solutions was not significant (at the 5% level) but the trend in Q for the 0.100 M Cl solution was significant (at the 1% level). Possible reasons for increasing Q (other than MC1 + ) including displacement of H on the variable charge component of the CEC, will be discussed later.
RESULTS AND DISCUSSION
The evidence for substantial ion pair adsorption based on apparent differences in CEC is ambiguous. Jensen and Babcock (1973), using Cl solutions, found an increase in Q with increasing Ca saturation in KCa exchange on Yolo loam soil, however; they found no increase in Q with increasing Mg in K-Mg reactions or increasing Ca in Mg-Ca reactions. Some of VOL. 53, JANUARY-FEBRUARY 1989 these differences may be due to heterogeneous sites. Organic matter is known to exhibit Ca-specific sites, so that its presence would result in increases in Q with increasing Ca. For these reasons it is preferable to examine only the data for pure clays. Even in pure clays, however, exchange capacity has been shown to consist of several distinct sites (Talibudeen and Goulding, 1983) , which makes interpretation of isotherms difficult.
Jensen (1973) examined K-Ca exchange on Clarsol bentonite and considered that Q was constant. Macs and Cremers (1977) found a 7 and 10% increase in Q for the Ca as compared to Na-saturated Otay and Camp Berteau bentonite, respectively. Their observation was based on Na-and Ca-saturated clay which underwent dialysis. This process results in hydrolysis of the exchanger cation (Shainberg, 1973; Frenkel and Suarez, 1977) . Van Bladel and Menzel (1969) , also found increasing Q with increasing divalent cation saturation for Na-Sr exchange, however, the trend with increasing ionic strength was reversed. Macs et al. (1975) found 5 to 10% increases in Q when Ni, Cu, Zn, and Co as compared to Na were the exchange end members. This result was explained as due to preferential adsorption of divalent ions on the pH dependent sites, estimated by Macs et al. (1975) to be 28% of the total sites at pH 5.8. This value may be too large, since there is often reasonable correspondence between measured Q and theoretical Q values based on isomorphous substitution. Alternative explanations include cation hydrolysis at low pH, which would likely not affect di-divalent selectivity, as well as the adsorption of metal hydroxide complexes. These trace metals, unlike the alkali and alkaline earth metals, form strong hydroxide complexes which could partake in exchange.
The Ca-Mg exchange isotherms for montmorillonite in Cl and SO 4 solutions at 0.025 mol c L~' are shown in Fig. 1 . These values are directly comparable since they were all at an ionic strength of 0.037, calculated using the program GEOCHEM (Sppsito and Mattigdd, 1980). There were no apparent differences in CaMg exchange in the SO 4 as compared to Cl media.
Also shown in Fig. 1 , as the solid line, is the thermodynamic nonpreference isotherm. In both media there was a slight Ca preference on the exchanger. This Ca preference is consistent with the published data for Ca-Mg exchange in Cl media. The Ca-Mg exchange isotherms in Cl media at three different ionic strengths, given in Fig. 2 , can be represented by a single line.
Vanselow selectivity coefficients were calculated from the exchange data in Tables 1 and 2 Based on these data, we conclude the following: (i) There is no statistical difference in K v for Ca-Mg exchange in Cl, SO 4 and C1O 4 media (not significant at 5% level), and (ii) there is a significant preference for Ca over Mg in SO 4 , Cl and C1O 4 media. Further sup- porting information is provided by the equilibrations at higher ionic strength. There was no significant difference (at 5% level) in K v with ionic strength (Fig. 4) , despite an increase in the percentage of the metals present as Cl complexes (6.2 and 5.0% of solution Ca and Mg, respectively).
The Ca-Mg exchange data obtained in this study can also be compared to K v = 1.0 ± 0.2 obtained by Sposito et al. (1983b) , also on SWy-1 Wyoming bentonite, in C1O 4 media. They concluded that there was no preference of Ca over Mg, however their data are not inconsistent with the Ca preference found in the present study. There was no significant difference (at the 5% level) between their K v in C1O 4 media and the K v determined for Cl, C1O 4 , or SO 4 media in this study. The Ca preference found in the present study is also consistent with the results of earlier studies (see Table  4 ). Gheyi and Van Bladel (1975) , considered this Ca preference due to the smaller equivalent volume of the hydrated Ca as compared to Mg ion. This concept has applicability over a wide spectrum of homovalent exchange reactions and is manifested in the lyotropic series. For soil clays the divalent cation ion preference is generally in the order Ba > Sr > Ca > Mg, consistent with increasing preference with decreasing hydrated radius and decreasing polarizing power (Talibudeen, 1981) . Krishnamoorthy and Overstreet (1950) reported the same order for Utah bentonite.
The mean K v value for our data is slightly lower than the average K v of 1.28 ± 0.24 calculated from the values compiled in Table 4 . Several authors used the Debye-Huckel equation for activity coefficients, thus their K v values are larger than if the Da vies equation had been used. Previously published values could not be corrected to obtain a consistent data set because the method of activity calculation or raw data was not always provided by the authors. Variations in selectivity can also result from different preparation methods which may introduce hysteresis into the exchange reaction (Tabikh et al., 1960) . Other significant factors affecting selectivity include the surface charge density, location of the charge deficiency in the silicate struc- et al., 1938b ±0.13 Gheyi and Van Bladel, 1975 0.08 Clark, 1966 -Levy and Shainberg, 1972 ± 0.06 Hunsaker and Pratt, 1971 -Tabikh et al., 1960 Krishnamoorthy and Overstreet, 1950 ture, and contamination of the clay by organic matter and calcite. The surface charge density and location of the clay charge deficiency affect the selectivity of exchange reactions. Increases in charge density produce increases in selectivity. Macs and Cremers (1979) , for example, noted that the preference of Na over Li, K over Na, Rb over Na, and Cs over Na were all greater for Chambers (Q = 1.200 mol c kg-') than for Wyoming bentonite (Q = 0.850 molekg-')-This effect can be attributed to increased selectivity with increasing charge density, since both specimens contain about 25% tetrahedral charge. The selectivity sequence for monovalent ions on montmorillonite listed above follows the order expected from hydration energies, i.e., the surface is selective for the cation with the smallest hydration energy. Maes and Cremers (1979) also observed this increasing selectivity of Cs over Na with increasing charge for octahedrally substituted montmorillonites. Their data also showed less preference for Cs at the same surface charge density, for partially tetrahedrally substituted vs. octahedrally substituted montmorillonites. It follows that Ca should be pre- ferred over Mg (based on hydration energies or Lewis acid softness) and that the preference should decrease with decreasing surface charge density and increasing tetrahedral substitution. Using the composition data of Weaver and Pollard (1973) , Sposito et al. (1983a) , estimated that one-third of the exchange capacity of SWy-1 montmorillonite is due to tetrahedral substitution. Based on the above reasoning and the relatively low surface charge density of SWy-1 montmorillonite most montmorillonites should show a greater preference for Ca over Mg than the SWy-1 used in this study. Indeed, consistent with this reasoning, the K v values in Table 4 are slightly greater than those found in the present study. Additional literature data are available to test the hypothesis of measurable CaCl + and MgCl + adsorption and equal Ca-Mg selectivity on montmorillonite. Levy et al. (1983) , examined the effect of exchangeable Na on Ca-Mg selectivity on Wyoming bentonite. They reported no difference in selectivity between the binary Ca-Mg system and the ternary Na-Ca-Mg system (at 27% exchangeable Na). Since the introduction of Na also resulted in an increase in Cl, the fcaa + /aca 2+ and <2 Mg ci + /^Mg 2+ ratios were increased. Using the program GEOCHEM (Sposito and Mattigod, 1980) we calculated that the Ca and Mg complexed as CaCl + and MgCl + increased from about 3.5 and 2.7% in a Ca-Mg-Cl solution to 9 and 11% respectively, in the Ca-Mg-Na-Cl solutions. Despite increased availability of CaCl + for adsorption no increase in Ca preference was observed.
Since the published Ca-Mg exchange selectivity in C1O 4 media is not in conflict with the Ca preference reported in this study for Cl, SO 4 and C1O 4 media, the evidence for CaCl + and MgCl + exchange stems from the change in Q in Ca-Na and Mg-Na exchange experiments in Cl and C1O 4 media (Sposito et al., 1983a) .
The statistical significance of the differences between the CaCl + and MgCl + exchange isotherms shown by Sposito et al. (1983a) cannot be determined and thus the differences in K v (Sposito et al., 1983b ) cannot be analyzed. The reported values were based on "smooth curves as functions of the charge fraction" rather than the experimental data (Sposito et al., 1983a). The Ca-Na and Mg-Na exchange isotherms shown in Fig. 5 for C1O 4 media are calculated from the raw data in Tables 2 and 3 of Sposito et al. (1983a) . These data clearly show that Mg preference over Na was greater than Ca over Na in C1O 4 media. In contrast, the exchange isotherms for Ca-Na and Mg-Na in Cl media shown in Fig. 6 (calculated from the raw data in Tables 4 and 5 of Sposito et al., 1983a) , indicate equal Ca and Mg preference. This does not support their hypothesis which should predict the following (i) Ca and Mg equally preferred over Na in the C1O 4 media and (ii) Ca preferred over Na more than Mg is over Na in the Cl media. We also recalculated the apparent exchange isotherms for CaCl + and MgCl + using the exchanger data and Na + solution concentrations in Tables 4 and 5 -Na exchange isotherms on Wyoming bentonite in 0.050MCI media (calculated from data in Sposito et al., 1983a, Tables 4,5,6 and 7) . Data were calculated assuming increases in Q were the result of MCI* absorption.
